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The Fat-Link Irrelevant Clover (FLIC) fermion action provides a new form of nonperturbative O(a) improve-
ment and allows efficient access to the light quark-mass regime. FLIC fermions enable the construction of the
nonperturbatively O(a)-improved conserved vector current without the difficulties associated with the fine tuning
of the improvement coefficients. The simulations are performed with an O(a2) mean-field improved plaquette-
plus-rectangle gluon action on a 203 × 40 lattice with a lattice spacing of 0.128 fm, enabling the first simulation
of baryon form factors at light quark masses on a large volume lattice. Magnetic moments, electric charge radii
and magnetic radii are extracted from these form factors, and show interesting chiral nonanalytic behavior in the
light quark mass regime.
1. INTRODUCTION
The magnetic moments of baryons have been
identified [1,2] as providing an excellent oppor-
tunity for the direct observation of chiral non-
analytic behavior in lattice QCD, even in the
quenched approximation. This paper will present
results for baryon electromagnetic structure in
which the chiral nonanalytic behaviour predicted
by quenched chiral perturbation theory is ob-
served in the numerical simulation results.
FLIC fermions provide a new form of non-
perturbative O(a) improvement [3,4] where near-
continuum results are obtained at finite lattice
spacing. Access to the light quark mass regime
is enabled by the improved chiral properties of
the lattice fermion action [4]. A key feature of
the FLIC fermion approach is that the fine tun-
ing of O(a)-improvement term coefficients is not
necessary. The improvement terms are irrelevant
operators which are constructed using fat-links.
Remaining perturbative renormalizations are ac-
curately accounted for by small mean-field im-
provement corrections. Hence, we are able to de-
termine the form factors of octet and decuplet
baryons with unprecedented accuracy.
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2. LATTICE ACTIONS
The simulations are performed using a mean-
field O(a2)-improved Luscher-Weisz [5] gauge ac-
tion on a 203 × 40 lattice with a lattice spacing
of 0.128 fm as determined by the Sommer scale
r0 = 0.50 fm. We use a minimum of 255 config-
urations and the error analysis is performed by a
third-order, single-elimination jackknife.
Fat links are created using APE smearing [6]
followed by projection of the smeared link back
to SU(3). We select a smearing fraction of α =
0.7 (keeping 0.3 of the original link) and iterate
the process six times [7]. Further details of FLIC
fermion actions can be found in Ref. [8].
For fat links, the mean link u0 ≈ 1, enabling
the use of highly improved definitions of the lat-
tice field strength tensor, Fµν [9]. In particular,
we employ an O(a4)-improved definition of Fµν
in which the standard clover-sum of four 1 × 1
Wilson loops lying in the µ, ν plane is combined
with 2 × 2 and 3 × 3 Wilson loop clovers. More-
over, mean-field improvement of the coefficients of
the clover and Wilson terms of the fermion action
is sufficient to accurately match these terms and
eliminate O(a) errors from the fermion action. As
the conserved vector current has its origin in the
fermion action, mean-field improvement of the ir-
2relevant operator terms is also sufficient to accu-
rately removeO(a) errors, providing a nonpertur-
batively O(a)-improved conserved vector current.
For the construction of the O(a)-improved con-
served vector current, we follow the technique
proposed by Martinelli et al. [12]. The standard
conserved vector current for Wilson-type fermions
is derived via the Noether procedure
jCµ ≡
1
4
[
ψ(x)(γµ − r)Uµ(x)ψ(x + µˆ)
+ ψ(x+ µˆ)(γµ + r)U
†
µ(x)ψ(x)
+ (x→ x− µˆ)
]
. (1)
The O(a) improvement term is also derived from
the fermion action and is constructed in the form
of a total four-divergence, preserving charge con-
servation. The O(a)-improved conserved vector
current is
jCIµ ≡ j
C
µ (x)+
r
2
CCV C a
∑
ρ
∂ρ
(
ψ(x)σρµψ(x)
)
, (2)
where CCV C is the improvement coefficient for
the conserved vector current and we define
∂ρ
(
ψ(x)ψ(x)
)
≡ ψ(x)
(←−
∇ρ +
−→
∇ρ
)
ψ(x) . (3)
The terms proportional to the Wilson parameter
r in Eq. (1) and the four-divergence in Eq. (2)
have their origin in the irrelevant operators of
the fermion action and vanish in the continuum
limit. Nonperturbative improvement is achieved
by constructing these terms with fat-links. As
we have stated, perturbative corrections are small
for fat-links and the use of the tree-level value
for CCV C = 1 together with small mean-field im-
provement corrections ensures that O(a) artifacts
are accurately removed from the vector current.
This is only possible when the current is con-
structed with fat-links. Otherwise, CCV C needs
to be appropriately tuned to ensure all O(a) ar-
tifacts are removed.
A fixed boundary condition at t = 0 is used
for the fermions and gauge-invariant Gaussian
smearing [10,11] in the spatial dimensions is ap-
plied at the source at t = 8 to increase the over-
lap of the interpolating operators with the ground
state while suppressing excited state contribu-
tions. The technique used for constructing the
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Figure 1. FLIC fermion simulation results for the
magnetic moments of the proton (◦) and neutron
(△) in quenched QCD.
three-point functions follows the procedure out-
lined in detail in Refs. [13,14]. In particular, we
use the sequential source technique at the current
insertion. Correlation functions are made purely
real with exact parity through the consideration
of U and U∗ link configurations. Electric and
magnetic form factors are extracted by construct-
ing ratios of two- and three-point functions. We
simulate at the smallest finite q2 available on our
lattice, ~q = 2pi
aL
x̂.
3. RESULTS
Figure 1 displays FLIC fermion simulation re-
sults for the magnetic moments of the proton
and neutron in quenched QCD. At heavy quark
masses we note that the magnetic moments of
both nucleons display linear behaviour when plot-
ted as a function of m2pi. As one approaches the
light quark mass regime, we find evidence of non-
analytic behaviour in the nucleon magnetic mo-
ments as predicted by quenched χPT [1,2]. In
fact, if we were to flip the sign of the neutron
magnetic moment, we would find that the proton
and neutron have a very similar behaviour as a
function of m2pi in the light quark mass regime as
predicted by the leading non-analytic contribu-
tions of quenched χPT.
Figure 2 displays results for the proton charge
radius obtained from a dipole form factor ansatz.
Some curvature is emerging as the chiral limit is
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Figure 2. FLIC fermion simulation results for the
charge radius of the proton in quenched QCD.
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Figure 3. FLIC fermion simulation results for the
magnetic moments of the proton (◦) and ∆+ res-
onance (△) in quenched QCD.
approached.
Figure 3 displays FLIC fermion simulation re-
sults for the magnetic moments of the proton and
∆+ resonance in quenched QCD. At large pion
masses, the ∆ moment is enhanced relative to the
proton moment in accord with earlier lattice QCD
results [13,14] and model expectations. However
as the chiral regime is approached the nonanalytic
behavior of the quenched meson cloud is revealed,
enhancing the proton and suppressing the ∆+ in
accord with the expectations of quenched χPT
[15,16]. The quenched artifacts of the ∆ provide
an unmistakable signal for the onset of quenched
chiral nonanalytic behavior.
We have presented the first lattice QCD simula-
tion results for the electromagnetic form factors of
the nucleon and ∆ at quark masses light enough
to reveal unmistakable quenched chiral nonana-
lytic behavior.
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